Synopsis Food supplementation of free-living animals has been used to address the role of availability of resources in the timing of reproduction. A meta-analysis by Schoech and Hahn suggested that responsiveness of the reproductive axis to the supplementary cue of food is lessened at higher latitudes, presumably because the brief time during which conditions are appropriate to rear offspring has led to an evolved resistance to supplementary cues with a primary reliance on photoperiod. Unfortunately, few investigators have examined the potential underlying mechanisms that mediate this differential responsiveness to supplemental food across latitudes. Considerable research, however, links nutritional state and plasma glucocorticoid levels, both of which impinge upon the reproductive axis. Long-term research on Florida scrub-jays (Aphelocoma coerulescens) in my laboratory shows that suburban birds with access to ad libitum supplemental food express early breeding and lower plasma corticosterone (CORT) levels in comparison to jays in nearby natural habitat. Furthermore, supplementation in natural habitat advances laying, with the largest effects occurring in bad years (i.e., years defined by late breeding and poor reproductive output by non-supplemented controls). Similarly, reproductive output of supplemented jays is greater and exhibits considerably less variance than do controls, suggesting fitness benefits of supplementation that are tied to advanced breeding. Generally, CORT levels in early-breeding supplemented jays are lower than are those of controls. Also, regression analysis suggests that clutch-initiation dates of non-supplemented female breeders are predicted by baseline CORT levels. Although these data are not conclusive and trends can be obscured by year-effects, they suggest a role for CORT in timing of breeding. Whether this link might help to explain the above-referenced latitudinal trends remains to be characterized.
Introduction
A recent search of Cambridge Biological Abstracts using the keyword ''food supplementation,'' returned a list of 392 publications. A more restrictive search that included the terms ''avian'' or ''bird'' noted 104 papers, although based upon my long-term monitoring of the topic, I noted several studies that were not located. Regardless, the fairly facile tool of food supplementation has been used to address questions that range from those that measure some parameter of fitness (e.g., Nagy and Holmes 2005; Heath et al. 2008; Robb et al. 2008; to others that assess spatial distributions (e.g., Nakamura 1995; Turcotte and Desrochers 2005) , whereas a number consider how manipulating the availability of food affects various behaviors (e.g., Kosztolanyi et al. 2003; Brown et al. 2006; Clarkson 2007) . Obviously, these three general categories need not be mutually exclusive, nor do they encompass the full range of topics that researchers have addressed with food supplementation. That said, one major question that many food supplementation studies have directly addressed is ''what is the role of availability of food in determining the timing of reproduction?'' Additionally, a number of studies that addressed other questions have included information on timing of reproduction (see below).
While conducting research on the behavioral endocrinology of Florida scrub-jays (Aphelocoma coerulescens), Schoech (1996) noted that, in 1992, laying was delayed by nearly a month when compared to the long-term average for first clutch initiation date (Woolfenden and Fitzpatrick 1984) . This raised the question of whether variation in food availability mediated the observed inter-year variance in the timing of reproduction. A food supplementation experiment conducted in the following year found that even though mean clutch initiation of non-supplemented birds was markedly earlier in 1993 than was the norm, supplemented jays laid on average 16 days earlier than did non-supplemented controls (Schoech 1996) . While writing the manuscript describing these findings, I was somewhat surprised to find several studies that found no effect of supplemental food on the time of initiation of clutches (e.g., European magpie, Pica pica, Högstedt 1981; lesser black-backed gull, Larus fuscus, Hiom et al. 1991; common kestrel, Falco tinnunculus, Korpimäki and Wiehn 1998) . This observation, coupled with: (1) noting that the experiments that failed to advance laying were often conducted on species at relatively high latitudes (e.g., 55836', 51848', and 638, respectively for the above-cited studies for which supplementation did not advance laying) and (2) research on captive subspecies of white-crowned sparrows (Zonotrichia leucophrys) showing that populations from higher latitudes were less responsive to temperature cues than were those from lower latitudes (see Wingfield et al. 1996 Wingfield et al. , 1997 Wingfield et al. , 2003 , led me to systematically examine whether the degree of responsiveness to supplementary cues, specifically food, is negatively correlated with latitude.
It has long been known that the length of the period during which conditions are suitable for rearing young decreases with increasing latitude (Baker 1938; Wingfield et al. 1992) . In other words, at high latitude the narrow temporal window in which conditions are appropriate for a bird to lay and incubate a clutch, rear and fledge nestlings, and subsequently (in many cases) undergo molt, is constraining. It may be that this temporal constraint leads to a reliance on photic cues, whereas supplementary information (e.g., food, local weather conditions) is less important. In contrast, at lower latitudes during which suitable conditions can exist over a much longer period and the onset of which can vary temporally from year-to-year, animals can be expected to use local information as a predictor of optimal conditions rather than to strictly rely on photoperiod, resulting in more flexibility in the timing of reproduction (Wingfield et al. 1992 ).
Food supplementation: effects vary with latitude Schoech and Hahn (2008) used a meta-analysis of the published literature and found some support for the hypothesis that the effect of food supplementation on the timing of initiation of clutches is greater at lower latitudes. These authors (also see Hahn and MacDougall-Shackleton 2008) made the point that while it may seem that birds at high latitude may have evolved hypothalamo-pituitary-gonadal (HPG) axes that are more reliant on photic information and with a reduced capability to respond to supplementary cues, one cannot rule out that these individuals may be ''conditionally plastic'' and retain the ability to respond to supplementary cues under suitable environmental conditions. In other words, rather than individuals exhibiting an evolved ''adaptive specialization'' that matches their reliance on photic versus non-photic information with their breeding latitude, the stimulus of the extended long days at high latitudes that, in the extreme approach 24 h, may induce such a strong photic drive that responses to non-photic cues are not detectable. This concept of conditional plasticity predicts that if individuals from high latitudes were subjected to a stimulatory photoperiod more consistent with that of lower latitudes (i.e., relatively ''short'' long days), the reduced photic stimulation upon the gonadotropinreleasing hormone (GnRH) system within the HPG axis might allow the detection of responses to non-photic supplementary cues, such as food or temperature. Similarly, were individuals from low latitudes that exhibited responsiveness to supplementary cues exposed to extended, high-latitude photoperiods their responsiveness might no longer be detectable. As Hahn and MacDougall-Shackleton (2008) point out, discriminating between these two hypotheses will require creative experimentation, such as common garden experiments.
Food: Perceptual versus direct effects
Regardless of whether the responsiveness of the HPG axis to supplementary information varies with latitude, it is clear that in many instances animals use food cues to adjust the timing of reproduction. This raises the question ''how does information about food reach the HPG axis?'' While a comprehensive examination of this question is well beyond the scope of this manuscript, at one level it is evident that there can be both ''perceptual'' and ''direct'' (or nutritional) effects of food on the HPG axis. In an elegant series of experiments on males of a low latitude (98N) rainforest-dwelling species, spotted antbirds (Hylophylax n. naevioides), Hau et al. (2000) supplemented captive individuals with crickets and noted responses in several components of the HPG axis and related neural substrates [i.e., measured luteinizing hormone (LH) levels, testis volume (see Fig. 1 ), and song rates which are partially regulated by gonadal steroids] that demonstrated effects via a perceptual pathway. While birds on complete diets plus live crickets exhibited greater gonadal dimensions and sang more than those on complete diets only, that this effect was perceptual rather than direct is evidenced by the fact that birds fed dead crickets sang less than those with access to live crickets.
Furthermore, birds that were presented crickets under a plastic wrap that prevented all but visual access also sang more frequently than controls, although this was an effect that diminished after 15 min. These experiments demonstrate that visual and tactile cues (e.g., handling and processing of live prey), which are perceptual processes, stimulate the HPG axis.
A second example of the effects of food upon the HPG axis, albeit in a highly nomadic species noted for its extreme flexibility in timing of reproduction (i.e., in the presence of adequate cone crops, individuals have been found breeding during virtually all months of the year, often in extremely harsh conditions), can be found in studies of red crossbills (Loxia curvirostra). Hahn et al. (2005) , in an excellent review of the effects of food on the reproductive axis, showed that captive female crossbills captured near Seattle, WA ($ 478N), when allowed access to ad libitum food, as compared to those on ''mild food restriction'' (i.e., held to a previously established daily consumption rate), exhibited markedly enhanced follicular development (Fig. 2) . Interestingly, and this speaks to the differences in nutritional requirements between the sexes (Ball and Ketterson 2008) , male red crossbills did not exhibit a similar effect. Whether this specific example represents perceptual or direct effects of ad libitum access to food, or a combination of the two, is unclear.
The concept of condition
In considering direct effects of food, it is necessary to introduce the concept of condition, which can vary with nutritional state. I use the word ''concept'' to qualify somewhat the idea of condition for the following reasons. First and most frustratingly, I have found that often the different measures that are assumed to estimate condition, such as body mass and mass-related indices, blood measures (e.g., hematocrit, plasma protein, and glucocorticoid levels), body fat, and capability of the immune system, do not necessarily agree with one another (i.e., when analyzing between-variable correlations, the r-value would ideally be relatively high). For example and to highlight this concern, I present correlations between four of the above measures for which we have data from Florida scrub-jays (see Table 1 ). As is evident, the r-values suggest that in many instances, there is little relationship between these measures of condition. Note that correlations between total body lipids (see below) and data on body mass collected in 1993 and 1994 were markedly better than were the measures incorporated in Table 1 (r ¼ 0.84, P50.0001, n ¼ 186); however, one would expect these two measures to be highly intercorrelated. I believe that it is essential that one uses proxies for condition carefully. Second, what might be considered good condition during one life-history stage may not be optimal in another (e.g., whereas relatively high mass might serve an incubating female well, lower weight might facilitate foraging while feeding young: for examples, see Lima 1986; Rogers 1987; Macleod et al. 2005) . Third, recent hypotheses suggesting that parents may ''program'' their offspring's phenotype so that their Fig. 2 The effects of release from mild food restriction on gonadal state in female red crossbills. Open circles represent females that were held on a limited amount of food (based upon previously measured daily intake) for $1.5 months beginning in August. Filled circles represent females that were treated as mentioned above but were held on the restricted diet for only 2 weeks before return to an ad libitum diet. Largest ovarian follicle diameter was determined by unilateral laparotomy. Adapted from Hahn et al. (2005) . physiology, behavior, or both is ''appropriate'' under prevailing environmental conditions, can complicate interpretation of at least one of the above-listed metrics used as a proxy for ''condition,'' specifically glucocorticoid levels. Recent evidence from mammals and birds suggests that variable parental care serves as a signal of environmental quality that matches offspring phenotype with current environmental conditions (Gluckman and Hanson 2004; Zhang et al. 2006) . In other words, poor environmental conditions can result in low provisioning rates from parents and may result in elevated glucocorticoid levels in the young. This, in turn, may give rise to offspring that display increased timidity and higher stress reactivity later in life, the latter trait may to a degree ''decouple'' CORT levels from condition and, as such render CORT an unreliable proxy for condition. The offspring may benefit from these traits as they cope with environmental challenges, such as high densities of predators or low availability of food (note that glucocorticoids can mediate both gluconeogenesis and behavioral strategies for coping with food shortages; Wingfield 1994) . Indeed, recent work from my laboratory has found evidence that nestling corticosterone (CORT) levels in Florida scrub-jays have long-term effects upon both personality and the responsiveness of the hypothalamo-pituitary-adrenal (HPA) axis (Schoech et al. in press ). Although such a so-called ''parental programming strategy'' (Zhang et al. 2006 ) might be beneficial in the short term, in longer-lived species that invariably face environmental conditions that vary markedly over the years, this could conceivably result in some degree of a mismatch between phenotype and environment.
Measures of condition: linking food supplementation and timing of reproduction

Body lipids
When the preceding cautions are taken into consideration, measures of condition, especially when used to compare food-supplemented groups with those that are not supplemented within a specific life-history stage (e.g., the period leading up to initiation of a clutch), can be of considerable value. We have used food supplementation in the cooperatively breeding Florida scrub-jay for several years as a tool to examine the relationships between resource availability, environment, and reproduction. For example, in the 1993 food-supplementation experiment referenced above (Schoech 1996) , I also used total body electrical conductivity (TOBEC) to estimate total body lipid content (Kenagy and Barnes 1988; Walsberg 1988; Roby 1991 ) as a measure of condition. For both male and female breeders, supplemented jays had significantly higher total body lipids than did non-supplemented birds (Fig. 3; Schoech 1996) . It is likely that this measure of a direct effect of food upon condition plays a significant role in the observed early laying in supplemented female jays, given the well established links between energetic uptake and the HPG axis Values in cells represent in order Pearson's r, p-value, and sample size. The condition index used principal components analysis of three linear body measures to generate PC1 which was then regressed against body mass: the residuals serve as the condition index (see Green 2001) . The body mass versus condition index values reflect the lack of independence. As is evident from the sample sizes, not all measures were regularly collected. (reviewed by Carey 1996; Williams 1998) . That supplemented female breeders were on average between five-fold and six-fold ''fatter'' and weighed significantly more than non-supplemented females indicate the value of this measure, as well as the utility of food supplementation. Total body lipids may be a reasonable estimate of total energy available, given that avian metabolic systems readily mobilize fats. While speculative, the much higher levels of body lipid found in supplemented females might, in part, reflect advanced ovarian follicular development, given the high fat content of yolk.
Plasma protein
Total plasma protein levels have been used as an indicator of nutritional state across taxa (Costa and Macedo 2005; Deem et al. 2006; Johnson et al. 2007 ). Schoech and Bowman (2003) compared plasma protein levels between jays in relatively pristine natural habitat at the scrub preserve of the Archbold Biological Station (ABS) and those that reside in a nearby remnant scrub matrix within a suburban environment. Even though the two populations are within approximately 10 km of one another, across years the suburban population lays on average from 1 to 4 weeks earlier than do jays at ABS. The suburban jays' year-round access to ad libitum food from human sources (e.g., food from bird feeders, pet dishes, and refuse) almost certainly underlies the consistent early laying. In an examination of a suite of measures that might explain the observed difference in timing of breeding, Schoech and Bowman (2003) found that suburban females had higher plasma protein levels early in the season, $ 2 months before laying, than did female breeders at ABS (Fig. 4) . This difference may reflect dietary intake at a time when, in marked contrast to the ad libitum supplemented suburban jays, the individuals in the natural scrub habitat are dependent upon naturally occurring protein sources, such as arthropods and herpetofauna, the emergence of which can vary markedly between years (personal observation.). It is likely that a difference in dietary intake explains the differences in level of plasma protein, and it may be that relatively elevated levels of plasma protein served as a direct cue to advance upregulation of the HPG axis, resulting in early laying by suburban females. Indeed, analysis of 4 years of data (2001) (2002) (2003) (2004) ) from breeder and helper jays of both sexes at ABS finds that levels of plasma protein predict circulating LH levels (Regression: F 1,268 ¼ 62.29, P50.0001, r 2 ¼ 0.19). Additionally, an analysis that was limited to breeding females, who arguably are the most important in terms of both nutritional requirements and timing of the reproductive effort, yielded similar results (Regression: F 1,71 ¼ 11.15, P ¼ 0.001, r 2 ¼ 0.14).
Supplemental protein
To follow up on the study that compared plasmaprotein levels of breeder females between suburban and ''wild land'' jays, Schoech et al. (2004) used a food supplementation experiment that over a 3-year period provided sets of family groups with isocaloric, custom-made, supplemental food that was high in fat (19.3%) but differed in protein content (34.5% versus 3.5%). To assure that jays had access to supplemental food early enough in the pre-breeding season to elicit the desired response, feeders were established in mid-to late January, some 5-6 weeks earlier than first nests are begun in most years. We have continued this protocol to date. Both supplemental treatments resulted in advanced laying when compared to non-supplemented controls and, more importantly, the females supplemented with high levels of protein laid significantly earlier than did females supplemented with a low protein diet (see Fig. 1 in Schoech et al. 2004 ). This finding offers support for both the ideas that protein is important in the timing of reproduction and that jays in the xeric scrub-oak habitat of ABS are somewhat protein limited and may need to await the spring emergence of prey items to be reproductively capable. The jays' reliance on acorns, which are high in tannic acid (Fleck and Woolfenden 1997) , and the acidic soil conditions (pH 3.5-5.6, Abrahamson et al. 1984) could make dietary proteins relatively unassimilable (Klasing 1998 ; and see discussion in Schoech et al. 2004 ). The mechanisms whereby plasma proteins, or their constituent amino acids, upregulate functioning of the HPG axis remain unclear, in part because many studies of the links between nutrition and reproductive parameters fail to separate the effect of calories from that of protein. That said, there is considerable evidence across taxa linking protein intake to the HPG axis, although most studies assess an endpoint rather than a specific transductional pathway. For example, protein supplementation or high protein diets led to increases in the: (1) Hunt et al. 2005) . Further evidence of the importance of the intake of protein comes from the cessation of estrous cycling in female rats fed protein-deficient diets (Williams 1998) .
Plasma glucocorticoids
Another measure that is often used as a proxy for condition is glucocorticoid levels, either at baseline or in response to a controlled stressor. In birds and mammals, studies have found one, or both, of these CORT measures to be negatively correlated with body mass or a mass-based index [e.g., common diving petrel, Pelicanoides urinatrix, Smith et al. 1994 ; Florida scrub-jay, Schoech et al. 2007 (also see Table 1 ); dark-eyed junco, Junco hyemalis, Schoech et al. 1999 ; European rabbit, Oryctolagus cuniculus, Cabezas et al. 2007 ; tufted puffin, Fratercula cirrhata, Williams et al. 2008 ; zebra finch, Taeniopygia guttata, Wada et al. 2008] . The evidence that CORT levels: (1) are generally higher in animals in poor condition; (2) are elevated in response to food restriction (e.g., from long-term fasts of king penguins, Aptenodytes patagonicus, Cherel et al. 1988 to short-term food restriction of white-crowned sparrows, Zonotrichia leucophrys, Lynn et al. 2003 ; see discussion by Schoech et al. 2004 ); and (3) when elevated, can negatively affect the reproductive axis at many levels via multiple mechanisms (for review see Sapolsky et al. 2000) , all lend credence to the hypothesis that CORT can play a role in the timing of reproduction. Schoech et al. (2004) considered the interrelationships between resource availability, CORT levels, and timing of reproduction both between the suburbs and ''wildlands,'' as well as across foodsupplementation treatments in the natural scrub habitat of ABS. Recall that suburban jays always bred earlier than did wild land jays; jays supplemented both with low protein and with high protein diets laid in advance of non-supplemented controls; and high-protein-supplemented jays initiated laying in advance of birds that received the low protein supplement. Consistent with their having year-round access to ad libitum high-protein foods, baseline CORT levels of suburban jays were lower than those of the other three groups (Fig. 5) . Additionally, the high-protein-supplemented jays had lower baseline CORT levels than did controls, again suggesting that protein availability in natural habitat is constraining. There is considerable evidence linking proteindeficient diets with increased glucocorticoid levels in species that range from mice, Mus sp. (Jacobson et al. 1997 ) and rats, Rattus sp. (Barone et al. 1993; Huang and Fraker 2003) to chickens, Gallus domesticus (Carsia and Weber 1988) and blacklegged kittiwakes, Rissa tridactyla (Kitaysky et al. 1999) . Fig. 5 Baseline corticosterone levels of Florida scrub-jays residing in a suburban environment and of three treatment groups in the wild lands (CNT ¼ nonsupplemented controls, HFLP ¼ jays supplemented with custom-made food that was high in fat but low in protein, and HFHP were jays supplemented with diet high in both fat and protein). Adapted from Schoech et al. (2004) , with permission from Elsevier Limited.
Lessons from long-term food supplementation
Although my laboratory group no longer conducts research on the suburban population, we have continued our food-supplementation experiment in the wild lands and now have 8 years of comparisons of the timing of breeding of jays supplemented with high-fat and high-protein food with that of nonsupplemented controls; on average, supplemented jays bred approximately 2 weeks earlier than did controls (Fig 6) . While non-supplemented controls have shown considerable year-to-year variance in timing of reproduction over the past 8 years, the approximately 10-day maximum difference in mean clutch initiation dates during this period (i.e., between 2007 and 2008 ) is roughly three-fold less than the observed variance in the timing of reproduction in the 1990s (see Fig. 1 in Schoech 1996) . Most interesting is the degree to which the pattern seen in the control jays, with one notable exception, is mirrored by the supplemented jays (see Fig. 6 ).
Good versus bad years
The breeding season of 2007 was very late, and was the only year for which no differences were observed between timing of breeding in supplemented and non-supplemented jays. It is likely that this occurred because it was such a bad year that other environmental cues over-rode any stimulation provided by supplemental food. Two environmental conditions (which can relate directly or indirectly to the abundance of naturally occurring foods) likely explain the inability of supplemental food to exert its normal influence on initiation of clutches in 2007. First, long-term monitoring of acorn production found that the mast during the previous fall of 2006 was estimated to have been only 20% of the norm (R. Bowman, unpublished data). Florida scrub-jays cache thousands of acorns in the fall and rely on them throughout the winter and early spring when other sources of food are not readily available (Woolfenden and Fitzpatrick 1984; DeGange et al. 1989) . Second, Schoech (1996) noted that the 3-month period (November to January) preceding the breeding season in the exceptionally late breeding of 1992 was characterized by exceptionally low rainfall. During this same period in 2007, rainfall totaled 6.8 cm compared to the long-term norm of 16.1 cm. Clearly, exceptionally dry conditions can negatively affect plant growth which can, in turn, delay or reduce emergence of arthropods and herpetofauna. Such prey are relied upon by many avian species, including Florida scrub-jays, to fuel physiological and anatomical changes in anticipation of breeding (e.g., the recrudescence of gonadal and associated tissues and, in the case of females, oogenesis; Wingfield et al. 1992; Wingfield and Farner1993) . Additionally, the seasonal emergence of prey may serve as an ultimate cue assuring that offspring are being provisioned at a time when resources are abundant (Lack 1968) . Further evidence of 2007 being an abnormal year was the finding that fully 17% of the established pairs did not initiate clutches, whereas in most years this figure is 2-4% (see Schoech 1996; SJS, unpublished data) . This finding closely parallels that of the earlier study when in the unfavorable year of 1992, 16.2% of established pairs failed to initiate clutches (Schoech 1996 ). An alternative scenario whereby drought delays new plant growth, such as buds or new shoots, and this directly impacts animal reproduction, deserves consideration. For birds and other animals that feed on green shoots or buds, environmental conditions that delay their emergence may have direct effects at the proximate level, although given their diets, this is not likely the case for Florida scrub-jays (Woolfenden and Fitzpatrick 1984) . Alternatively, new plant growth could serve as a visual cue that predicts insect emergence, thereby influencing the onset of laying.
The above findings are important as they make clear that, even in a species residing at a relatively low latitude [27810'N] in which it has repeatedly been demonstrated that food supplementation advances laying, in some exceptional years this supplementation with food is not effective. If such an experiment would have been limited to 1 year (e.g., 1992 or 2007), spurious conclusions as to the responsiveness of Florida scrub-jays to the supplementary cue of food would likely have been reached. Other researchers have noted the potential effects of inter-year variance in environmental conditions affecting responsiveness, although most have suggested that responsiveness to supplementation could be expected to be muted in favorable years (Meijer et al. 1988; Korpimäki 1989; Reynolds et al. 2003; Schoech and Hahn 2008) . The data on scrub-jays (Fig. 6 ) make it clear that a similar dampening of responsiveness can be induced by inclement conditions is some years.
Quantifying the quality of different years
Generally, earlier laying leads to greater reproductive success (Price et al. 1988; Perrins 1996a Perrins , 1996b . Indeed, analyses of reproductive output from first clutches over 17 years (1988-1994 and 1997-2008) for Florida scrub-jays finds significant declines with date of laying in numbers of: (1) One goal of the research in my laboratory is to gain a better understanding of the links between timing of breeding, reproductive success, and environmental variance across years (including our manipulation of the environment with supplemental food). We have measured CORT levels from approximately 450 individuals during the period [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] and, given the above information, consider CORT as a viable candidate for a mechanism that links resource availability and the HPG axis. When faced with the relatively small spread in laying dates across these years (see Fig. 6 ), however, attempting to distinguish year-quality using only date of laying is problematic. Using data from only nonsupplemented jays, Schoech et al. (in press) used principal component analysis (PCA) with mean date of laying and the average number of independent young produced per breeding group (a value that varied from 1.0 to 0.3) to categorize year-classes. The PC1 scores resulted in 2001 and 2007 being assigned as ''bad'' years, 2002 and 2008 as ''good'' years, and 2003-2006 as ''average'' years.
Corticosterone's role in the timing of breeding may vary with year quality Previous research has demonstrated that CORT can vary with the overall nutritional state of an animal, be modified by availability of resources, and affect the HPG axis (reviews by Sapolsky et al. 2000; Schoech et al. in press) . If elevated CORT levels negatively affect the HPG axis and cause delayed breeding, one would expect that to a degree, CORT levels would predict timing of reproduction. In a consideration of non-supplemented female breeder scrub-jays across year-classes, baseline CORT levels were positively correlated with date of initiation of the first clutch (i.e., higher baseline CORT levels were associated with later initiation of clutches; Schoech et al. in press) . Subsequent analyses that examined the data by year-class found this to be primarily driven by the strong positive relationship in bad years (see Fig. 2 in Schoech et al. in press) . A similar analysis using only food-supplemented breeding females reveals an overall significant relationship between baseline CORT and date of laying ( Fig. 7 ; Regression: F 1,41 ¼ 5.20, P ¼ 0.028, r 2 ¼ 0.12). As was true for non-supplemented females (see Fig. 2 in Schoech et al. in press) , the relationship was significant only in bad years (F 1,10 ¼ 11.68, P ¼ 0.0076, r 2 ¼ 0.56), whereas the findings were non-significant for average (F 1,20 ¼ 0.77, P ¼ 0.39, r 2 ¼ 0.039) and good years (F 1,9 ¼ 1.048, P ¼ 0.34, r 2 ¼ 0.12; Fig. 7 ).
These analyses make it clear that not all years are equal and highlight the risks of basing conclusions on data collected during a single year. That similar patterns were found in both supplemented and nonsupplemented females strengthens the observation considerably. Unfortunately, while females are almost certainly the most important individuals in examining the issues of interest, in Florida scrub-jays they are also, by far, the most difficult to capture and sample (SJS, personal observation). While speculative, it may be that variation in female quality, possibly due to differences in age and experience of the female and quality of the territory, is reflected by variance in baseline CORT levels in bad years. Given the multiple levels at which CORT can impair the full functioning of the HPG axis (see below), mildly elevated CORT levels due to limited availability of resources in years of sub-optimal environmental conditions may slow ovarian function in lowerquality females. In such cases, by delaying or, in the extreme, foregoing reproduction CORT may mediate a response to poor environmental conditions that is adaptive. Furthermore, such a strategy might be expected to vary amongst species depending upon the likelihood that an individual will have future reproductive opportunities. Long-lived species, such as Florida scrub-jays, might be more likely to be responsive to both cues from the environment informing of poor conditions and the effects of CORT upon the HPG axis than are short-lived species for which the current year may represent their last breeding opportunity.
Why do we see a relationship between CORT and the timing of laying in only bad years and, given that absolute levels of CORT do not differ markedly across year-classes (see Fig. 7 ), why is there a seeming disconnect between CORT levels and the timing of laying in average and good years? Although clearly speculative, it may be that under favorable environmental conditions a number of stimuli acting through various sensory modalities act to upregulate the HPG axis and over-ride any potential inhibitory effect of CORT upon the reproductive axis. Conversely, in poor years these stimulatory inputs would be absent, thereby allowing the inhibitory effects of CORT to be fully expressed. Additionally, during poor years there might be multiple sensory inputs that reinforce the information provided by the HPA axis about the unfavorable environmental conditions, thereby inhibiting reproduction.
Conclusions and considerations
Studies using food supplementation can reveal much about the importance of food as a supplementary cue that animals use to adjust the timing of reproduction. As many have considered over the years, determining the role of food in females is complicated by the fact that in addition to acting at the ''proximate'' level by providing essential nutrition, it also is a key ''ultimate'' cue used to assure that provisioning of offspring co-occurs with maximal availability of resources (Lack 1968; Perrins 1966a Perrins , 1996b Schoech 1996; Hahn et al. 2005) . While designing experiments that would allow one to definitively conclude that one of these is of more critical concern to a female is unrealistic (see Sherman 1988 for discussion of the problems associated with analysis across levels), some of the data discussed herein that pertain to measures of condition demonstrate clearly that supplemental food has an important proximal function.
The effectiveness of supplementation seemingly varies with latitude, although too few studies have been conducted at subtropical and tropical latitudes to draw strong conclusions. Regardless, I hope that future studies will address this topic and, should future findings support the underlying hypothesis, that the necessary common garden and other experiments would be conducted that would allow discrimination between the adaptational specialization and the conditional plasticity hypotheses (Hahn and MacDougall-Shackleton 2008; Schoech and Hahn 2008) .
Several measures that estimate body condition have been discussed and clearly condition, at the extremes and perhaps within normal ranges, can play an important role in an animal's decision of when or whether to reproduce. I have tried to make the case that what might be classified as ''good condition'' is not necessarily static, but that the measures used to estimate condition may vary across life-history stages and with environmental conditions. An excellent example of a study that examined the relationships between baseline CORT levels and measures of fitness makes this point well. Bonier et al. (2009) found that during incubation, female baseline CORT levels were negatively correlated with clutch mass whereas during the nestling provisioning stage these variables were positively correlated. The authors posit that females in ''good condition'' with low CORT early in the season are able to maximize their fitness by producing large clutches and that while rearing young, elevated CORT may be ''an adaptive strategy to reallocate energy to reproduction.'' This study makes it clear that one must consider the life-history stage of the animal when assessing its condition.
The data and references to other researchers' work that are presented above show that glucocorticoids vary with nutritional state and, especially during the period preceding reproduction, are one mechanism whereby the GnRH system is informed of the animal's condition. There is a body of work across taxa that link protein deficiency with increased glucocorticoid levels and the latter with downregulation of the HPG axis (see above). Precisely how glucocorticoids exhibit their behavioral and physiological effects is exquisitely complex. A considerable amount of primarily mammal-based research has revealed that glucocorticoid function is invariably intertwined with a suite of other substances, including numerous metabolic hormones or products, that may be counter-regulatory or co-regulatory while acting systemically, centrally, or both. A partial list of these substances includes: insulin; glucagon; glucose; catecholamines; insulinlike growth factor(s); growth hormone; leptin; ghrelin; corticotropin-releasing hormone, which has neurotransmitter function ''independent'' of its actions as a releasing factor; gonadotropin-inhibiting hormone (GnIH) (Bentley et al. 2006) , GCs activate GnIH neurons (Calisi et al. 2008) ; kisspeptin, which stimulates the GnRH system (reviewed by Dungan et al. 2006) ; and brain opiates, which are released in response to GCs and inhibit GnRH secretion (for review see Sapolsky et al. 2000) . As this long list makes clear, the complexity of the topic is daunting. I hope that the creative use of food supplementation experiments with free-living individuals coupled with carefully designed captive studies that manipulate diets will help cut through this complexity and gain a better understanding of the mechanisms by which food-associated information is communicated to the reproductive axis.
